Background: Previous studies have shown that individuals with diabetes exhibit accelerated cognitive decline. However, methodological limitations have limited the quality of this evidence. Heterogeneity in study design, cognitive test administration, and methods of analysis of cognitive data have made it difficult to synthesize and translate findings to practice. We analyzed longitudinal data from the Ginkgo Evaluation of Memory Study to test our hypothesis that older adults with diabetes have greater test-specific and domain-specific cognitive declines compared to older adults without diabetes. Methods: Tests of memory, visuo-spatial construction, language, psychomotor speed, and executive function were administered. Test scores were standardized to z-scores and averaged to yield domain scores. Linear random effects models were used to compare baseline differences and changes over time in test and domain scores among individuals with and without diabetes. Results: Among the 3,069 adults, aged 72-96 years, 9.3% reported diabetes. Over a median follow-up of 6.1 years, participants with diabetes exhibited greater baseline differences in a test of executive function (trail making test, Part B) and greater declines in a test of language (phonemic verbal fluency). For the composite cognitive domain scores, participants with diabetes exhibited lower baseline executive function and global cognition domain scores, but no significant differences in the rate of decline. Conclusions: Identifying cognitive domains most affected by diabetes can lead to targeted risk modification, possibly in the form of lifestyle interventions such as diet and physical activity, which we know to be beneficial for improving vascular risk factors, such as diabetes, and therefore may reduce the risk of executive dysfunction and possible dementia.
Cognitive function declines with age, and diabetes may accelerate this rate of cognitive decline (1) . Cognitive impairment is a concern because it results in disability (2) and increased healthcare costs (3) . In the setting of diabetes, cognitive impairment can also adversely affect disease self-management, resulting in further complications (4) .
Accumulating evidence demonstrates that diabetes is associated with lower cognitive function (5); however, the cognitive domains identified to be associated with diabetes have been inconsistent (6) (7) (8) (9) (10) (11) (12) (13) . Specifically, a recent meta-analysis highlighted decrements in processing speed, executive function and motor function to show the largest effect size estimates with diabetes compared to controls in cross-sectional analyses (5) . In one longitudinal analysis of change in cognition from the Whitehall II cohort, diabetes was associated with the greatest declines in memory, followed by reasoning and global cognition (14) . Contrary to these longitudinal findings, a sample of 1,290 individuals followed for 12 years from the Maastracht Aging Study showed that diabetes was associated with the largest declines in processing speed, executive function, and delayed word recall (15) . Furthermore, of these studies with longitudinal measures of cognition, several do not have repeated measures across multiple tests within a domain of cognition, but rather rely on one cognitive test per cognitive domain (8) (9) (10) . Another limitation of these existing longitudinal studies is their inclusion of only a measure of global cognitive function. Executive function is believed to be more affected by vascular disease (eg, hypertension and stroke) than by neurodegenerative disease (16) (17) (18) (19) , and is expected to decline disproportionally among individuals with diabetes due to their high vascular risk factor burden; however, decrements in this domain are not adequately captured with tests of global cognition, such as the Mini-Mental State Examination (MMSE) test.
A systematic review from a National Institutes of Health (NIH) conference stated that the quality of evidence for an association between diabetes and cognitive decline is low, but affirmed that a higher risk for cognitive decline among individuals with diabetes is probable (20) . Furthermore, the NIH Diabetes Mellitus Interagency Coordinating Committee's 2010 strategic planning report recommends the need for incorporating validated neuropsychological instruments in epidemiological studies to increase the evidence base for the detection of cognitive dysfunction in diabetes and elucidate mechanisms (21) . Hypothesizing those individuals with diabetes experience greater cognitive decline, we compared the baseline and rates of change in global and domain-specific cognition among older adults with and without diabetes using prospective data from the Ginkgo Evaluation of Memory Study (GEMS), a 7-year study with high-quality neuropsychological assessments. Given the literature suggesting executive function declines to be more prominent in the setting of vascular brain damage (16) (17) (18) (19) , we specifically hypothesize individuals with diabetes to exhibit the greatest declines in the executive function domain due to their higher vascular risk factor burden.
Methods

Study Population and Design
GEMS was a randomized, double-blinded, placebo-controlled trial of 3,069 participants aged 72-96 years, designed to examine the preventive effect of ginkgo biloba on dementia in community-dwelling, cognitively unimpaired or mildly impaired (ie, mild cognitive impairment [MCI]) older adults (22) . A participant was classified with MCI if they met the following criteria: (a) impaired at or below the 10th percentile of Cardiovascular Health Study normative data, stratified by age and education, on at least 2 of 10 selected neuropsychological test scores from each cognitive domain, including memory, language, visuospatial abilities, attention, and executive function; and (b) CDR global score of 0.5. Participants with prevalent dementia as determined by a Diagnostic and Statistical Manual of Mental Disorders [Fourth Edition] [DMS-IV] criteria or a score >0.5 on the Clinical Dementia Rating Scale (CDR) were excluded. Participants with neurological disorders/neurodegenerative diseases that would have an important contribution to cognitive function or risk of dementia were also excluded. Additional exclusions included: currently taking anticoagulant warfarin; taking cholinesterase for cognitive problems or dementia; unwillingness to discontinue over-the-counter ginkgo biloba treatment; treatment with tricyclic antidepressants, antipsychotics, or other medications with psychotropic or central cholinergic effects; daily use of more than 400-IU vitamin E; history of bleeding disorders; hospitalization for depression; history of Parkinson's disease or taking anti-Parkinson medications; abnormal thyroid or liver function tests; low baseline vitamin B 12 levels (≤210 pg/ mL); hematocrit level <30%; platelet count <100 μL × 103 μL; diseaserelated life expectancy <5 years; or known allergy to ginkgo biloba. Participants were recruited from four U.S. communities: Hagerstown, Maryland; Pittsburgh, Pennsylvania; Sacramento, California; and Winston-Salem/Greensboro, North Carolina. Participants were randomized to receive either a twice-daily dose of 120-mg extract of ginkgo biloba or an identical-appearing placebo. The mean age at study entry was 79 years. Participants were predominantly white (95.5%) with some college or higher education (64%). The prevalence of hypertension was 54.3%, while 9.3% had diabetes. Additional study details are described elsewhere (22) .
Data collection for GEMS began in September 2000. Follow-up time was defined as the time from enrollment to incident dementia, death, or end of study. Because GEMS was designed to study the effect of ginkgo biloba on the outcome of incident dementia, participants were censored from further follow-up after an incident dementia diagnosis. Dropout and loss to follow-up in GEMS was low (6.3%). Information collected at baseline and every 6-month clinic visit included vital signs, current medication use/adherence, medical history, adverse events, and a functional assessment. Cognitive screening measures included the Modified Mini-Mental State Examination (3MSE), CDR Scale for participants and informant, cognitive subscale of the Alzheimer's Disease Assessment Scale (ADAS-cog), and an Informant Questionnaire for Cognitive Decline in the Elderly (IQCoDe) for the informant (22, 23) . Participants were administered the neuropsychological exam and the Center for Epidemiologic Studies Depression Scale (CES-D) at baseline and again at annual visits starting 4 years postrandomization (22, 23) . Written informed consent was obtained from all study participants and all institutional review boards approved the study.
Assessment of Diabetes Mellitus
Ascertainment of diabetes was based on self-reported physician diagnosis or use of diabetes medication.
Neuropsychological Testing
The neuropsychological battery was chosen for the GEM Study in order to assess multiple cognitive domains. These tests were chosen because they are sensitive to cognitive deficits observed in early/mild dementia. This same test battery was used in the Cardiovascular Health Study cognition substudy (24) and in the Alzheimer's disease Research Center at the University of Pittsburgh to diagnose Alzheimer's disease (AD) and other dementias (25) . The tests are categorized into their conventionally appropriate domains based on the existing literature on neuropsychological assessment by Lezak and colleagues (26) . Applying similar domain groupings across studies allows for the comparison of findings and yields greater generalizability. The cognitive domains and tests used in GEMS are outlined in Table 1 .
Scoring for the Trail making test (TMT), Parts A and B, is based on time (in seconds) to task completion, with a possible range in scores from 0 to 240 seconds and 0 to 360 seconds, respectively, with lower scores indicating better performance. Participants who did not complete the task were assigned the maximum allotted time (ie, 240 seconds) as their score. To account for non-normality of the TMT, Parts A and B, test scores were converted to number of connections per minute in keeping with previous work conducted in cohort studies of older adults (2) . For the transformed score, a higher score indicates better performance. To make relative comparisons across cognitive domains and to accommodate differences in test units and scales, the raw test scores were standardized to z-scores based on the means and standard deviations (SD) at baseline (27) . Given that there were no differences in cognition and dementia risk (23) , the control and Ginkgo groups were combined for analyses.
Covariates
Covariates were selected based on a priori theory, prior literature and univariate analyses suggesting their association with both diabetes and cognition. All covariates were measured at the baseline GEMS visit. Age (years), education (years) were modeled as continuous variables. Race was dichotomized as white or nonwhite race. Smoking status was categorized as never, former, or current smoker. A history of stroke, hypertension, and myocardial infarction (yes/no) were based on self-report only. Depressed mood was measured using the CES-D and analyzed continuously. Analyses involving the TMT, Part B, and executive function domain (which included the TMT, Part B) were further adjusted for continuous values of the TMT, Part A, to partition out the speeded component of the TMT, Part B, an otherwise executive functioning task (2, (28) (29) (30) .
Statistical Analysis
An initial descriptive analysis utilized chi-square and ANOVA tests to test for significant differences in baseline cognitive test scores and participant characteristics between individuals with and without diabetes. Nonparametric trajectories were characterized using empirical growth plots to determine whether the test and domain scores were linear throughout follow-up. Since linearity throughout follow-up was observed through visual inspection and model fit was not improved with inclusion of quadratic or spline terms, none were included in the main analysis.
Linear random effects models for clustered longitudinal data (31) were used to examine test-specific and domain-specific cognitive declines from baseline to death, incident dementia diagnosis, or end of follow-up. We fit random intercept and random slope for time models with primary exposure variables time, diabetes status and the interaction of time, and diabetes status. This model yields a main effect of diabetes representing the differences in baseline cognitive outcomes comparing individuals with and without diabetes; and the interaction term is the difference in the slopes comparing individuals with and without diabetes. In addition, we adjusted for GEMS treatment group assignment and the above covariates/confounders suspected to be associated with the diabetes and cognition. To account for multiple comparisons, a Bonferroni adjusted p-value was estimated as α/n, where n=number of tests and α = 0.05. In order to reject the null hypothesis, a p-value <.0042 and p-value <.0083 for the cognitive tests and cognitive domains analyses, respectively, must be present. All analyses were conducted using STATA 13.0 (STATA Corp, College Station, TX).
Results
Baseline demographic and disease characteristics of the participants are presented in Table 2 (distributions of raw cognitive test scores, by diabetes status, presented in Supplementary Table 1) . During the GEM study period, 523 participants (16.1%) were diagnosed with dementia and 379 died from a death of any cause. There were 195 participants (6.3%) who were either lost to follow-up or withdrew consent. An examination of participants that remained in the study versus those who were lost to follow-up only did not differ in regards to age, sex, race/ethnicity, baseline diabetes and disease (myocardial infarction, stroke, heart failure, cancer) status, or smoking status. Among the 3,027 participants, 286 (9%) were classified with diabetes. Individuals with diabetes were more often male (63.3%) and nonwhite race (9.4%). Hypertension, myocardial infarction, stroke, and depressed mood were more prevalent among individuals with diabetes. Baseline smoking status, GEMS treatment assignment, and prevalence of MCI did not differ between the groups. At baseline, participants with diabetes exhibited poorer performance on tests of verbal memory, visual-spatial construction, and executive function (Supplementary Table 1 ). No significant differences were seen on tests of language between the two groups. Unadjusted mean domains scores across follow-up are shown in Figure 1 , by diabetes status. Across the cognitive domains, participants without diabetes appear to have higher baseline scores compared to those with diabetes.
Longitudinal Analyses
Participants were followed for a median of 6.1 years (maximum of 7 years). For each cognitive test (Supplementary Table 2 ) and domain score (Table 3) , we estimated the difference in the average baseline scores comparing individuals with and without diabetes and the difference in the average 7-year rate of change in scores comparing individuals with and without diabetes. Negative values of the estimated differences indicate worse cognitive performance among individuals with diabetes. After accounting for multiple comparisons, specific tests within the domain and the domain scores for memory and visuo-spatial construction were neither associated with baseline cognition nor rates of change in cognition between those with and without diabetes. Among tests of language (30-item Boston naming test, phonemic verbal fluency, semantic verbal fluency), no significant differences at baseline were observed. Longitudinal analyses showed that phonemic verbal fluency decreased at a significantly faster rate among individuals with compared to those without diabetes (estimated difference in 7-year rate of change = −1.5, 95% confidence interval [CI]: −2.6, −0.5). Individuals with diabetes decreased at a rate of roughly 0.3 words per year (or 2.1 words over 7 years), while those without diabetes only decreased at a rate of 0.07 words per year (or 0.5 words over 7 years). Although participants with diabetes performed, on average, 0.1 SD (95% CI: −0.2, −0.01) lower in the language domain at baseline, the rate of change in the language score was not significantly different compared to those without diabetes.
TMT, Part A (psychomotor speed, attention), but not the WAIS-R Digit Span Forward (attention) test yielded significant differences in baseline cognitive test scores. No differences in rates of change on individual tests of psychomotor speed and attention were observed. Participants with diabetes performed, on average, 0.15 SD (95% CI: −0.3, −0.04) lower in psychomotor speed/attention at baseline. Over the 7-years of follow-up, individuals with diabetes declined roughly 0.15 SD (95% CI: −0.3, −0.02) more in psychomotor speed compared to individuals without diabetes.
Three tests comprise the executive function domain, WAIS-R digit span backward, TMT, Part B, and stroop color/word interference tests. For the digit span backward test, there was no significant baseline or longitudinal differences among those with and without diabetes. However, baseline differences were observed in the TMT, Part B (estimated baseline difference = −1.04, 95% CI: −1.6, −0.5). Individuals with diabetes took on average 1.04 seconds longer to complete the task compared to those without diabetes (p = .001). The differences in annual rate of change over 7 years were not statistically significant between the two groups on the TMT, Part B; however, individuals with diabetes exhibited a greater 7-year rate of decline on the stroop color/word interference test compared to those without diabetes (estimated difference in 7-year rate of change = −3.8, 95% CI: −7.0, −0.6). Significant baseline differences, but not rates of change, in the composite executive function domain score were observed between individuals with and without diabetes. Significant baseline differences, but not rates of change, in global cognition domain z-scores were observed between individuals with and without diabetes. Although the differences were not statistically significant (Table 3) , the 7-year rate of change in global cognitive function that we observed was −0.64 among individuals without diabetes and −0.68 among individuals with diabetes (difference: −0.04, 95% CI: −0.2, 0.1), that is, a 6.25% greater decline among persons with diabetes (−0.04/−0.64 = 6.25%).
Discussion
Diabetes is often accompanied by other metabolic dysregulations and vascular risk factors (eg, history of hypertension and stoke); therefore, we hypothesized diabetes to have a greater effect on domains most impacted by vascular pathways, which includes executive function. Consistent with this a priori hypothesis, we found that individuals with diabetes performed worse on a test of executive function (TMT, Part B) at baseline and observed steeper declines in a test of language (phonemic verbal fluency) and executive function (stroop color/word interference test) compared to individuals without diabetes; and in no instances did those with diabetes outperform those without diabetes in comparisons of raw cognitive test scores or domain z-scores. The results support previous findings of significant differences in executive function, language, and psychomotor speed/attention (5,15); but contradict prior findings suggesting declines in global cognitive function and memory in comparison to participants with versus those without diabetes (32, 33) . Specifically, our null results for changes in global cognition by diabetes status differ from those observed in the community-based Atherosclerosis Risk in Communities (ARIC) study, where diabetes in midlife was associated with greater 20-year declines in global cognition compared to those without diabetes (7). These differences may be attributable to the differences in the baseline age of participants (57 years in ARIC and 78 years in GEMS). Larger effect size estimates for cognitive outcomes when comparing vascular risk factors measured in midlife as compared to those measured in late-life have been previously documented (34) , and are supported by the comparison of our results in GEMS (6.25% greater decline among persons with diabetes) to those observed in ARIC (19% greater decline among Note: To test differences between groups: Chi-square for categorical variables, Kruskal-Wallis for continuous variables. a Diabetes = self-reported physician diagnosis of diabetes or self-reported diabetes medication use at baseline.
persons with diabetes (7)). However, novel to our study is the comprehensive neuropsychological battery of 12 tests administered longitudinally to examine the rate of change across multiple tests and domains of cognition and to estimate the differential associations by diabetes status.
In a sample of older women, also screened to be healthy and free of dementia at baseline, authors showed that declines in executive function preceded that of memory (35) . Similar findings have been documented in other observational studies (36) and in vivo studies of the aging brain (37) . This observed pattern may be exacerbated in the presence of diabetes. Executive functioning is particularly important for self-care and maintaining independence as it has been linked to impairments in instrumental activities of daily living (eg, preparing meals) and disability (2) . Individuals with executive functioning impairments may have difficulty carrying out complex self-management behaviors, such as carbohydrate counting, insulin administration, and planning meals and exercise routines. Over time, poor self-management may lead to poor metabolic control and increase the risk of diabetes-related complications. Similar to the findings from a recent meta-analysis (5), we observed differences in effect size estimates across tests within domains (ie, larger effect size estimates for 7-year rate of cognitive decline for the stroop interference test compared to the TMT, Part B). These differences in effect size estimates highlight the potentially informative differences in the sensitivity of the neuropsychological tests to detect differences in cognitive function between individuals with and without diabetes.
Several mechanisms may explain the link between diabetes and impaired cognition. One well-supported mechanism involves increased insulin resistance, which results in chronically increased levels of blood glucose. Insulin resistance can affect both cerebrovascular and noncerebrovascular mechanisms for cognitive impairment in diabetes. In a noncerebrovascular pathway, insulin resistance can induce chronic hyperinsulinemia in the brain, increasing levels of beta amyloid peptide-42, the primary component of amyloid plaques (38) . Amyloid plaques are a hallmark characteristic for AD and amnestic cognitive impairment (39) . In a cerebrovascular pathway, insulin resistance is associated with vascular risk factors, such as hypertension. These vascular factors increase the risk for small vessel cerebrovascular damage, which has been linked to vascular cognitive impairment and vascular dementia (40) . Although preliminary investigations of these mechanisms are under way, there is still a need for studies, especially large cohort studies, to use brain imaging to further elucidate mechanisms and help confirm diagnoses of a specific cognitive disorder.
There are a number of strengths that should be noted. Most importantly, while previous research has shown a risk of lower cognitive function among individuals with diabetes, most prior studies do not have a comprehensive neuropsychological test battery administered longitudinally to examine the rate of change across multiple tests of cognition.
Limitations regarding our analyses should be noted. First, data were not available on type of diabetes (type 1 or type 2), diabetes duration, or severity of diabetes (eg, hemoglobin A1c or fasting glucose). Some studies have suggested that duration and severity of diabetes is associated with cognitive impairment (41) and that the type of diabetes is associated with different domains of cognition (42) . Second, ascertainment of diabetes was based on selfreport. Although not ideal for a diagnosis of diabetes, validation studies have suggested that self-report of diabetes is sufficiently accurate for population-based studies (43) . Third, obesity and/or body mass index data were not available at baseline in GEMS. Obesity is a strong correlate of diabetes and may be an important confounder in the associations between diabetes and cognition. However, whether obesity has an association with cognition that is independent of cardio-metabolic abnormalities (eg, diabetes, hypertension) remains unclear (44) . Therefore, we do not anticipate a lack of adjustment for obesity to bias our results. There is a possibility that our effect size estimates are underestimated due to the censoring of participants after a dementia diagnosis in follow-up. However, in our study, the incidence of dementia did not differ from participants with and without diabetes. Our findings may have limited generalizability to the entire US population since participants in this trial were primarily Caucasian with high levels of education. Participants were further self-selected due to their willingness to participate in a 7-year randomized controlled trial; and participants were screened extensively to rule out moderate to severe cognitive impairment at baseline. Finally, given that the mean age of our study sample at baseline was 79 years, our analyses are likely restricted to those individuals who survived to To account for multiple comparisons, a Bonferroni adjusted p-value for test of significance = .0083.
older age without dementia, which may therefore bias our results toward the null.
In conclusion, this prospective study, which included 7 years of longitudinal follow-up and extensive neurocognitive data, identified specific cognitive tests and domains associated with diabetes. Future studies examining the longitudinal associations between diabetes and cognitive function should include an evaluation of diabetes severity, exploration of sex and race/ethnic differences, and whether there are differences in cognitive trajectories in incident versus prevalent diabetes and in diabetes with early life onset. More comprehensive evaluations, such as the one performed in this study, of the relative performances on cognitive domains and tests are needed so that we may determine which cognitive functions are most affected. Identifying which cognitive domains are most affected by diabetes can lead to targeted risk modification, possibly in the form of cognitive rehabilitation therapies or lifestyle interventions, including physical activity and exercise, which are known to target executive functioning (45) , are good for improving vascular risk factors and obesity (46) , and which may reduce the risk for dementia (47) .
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